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PREFACE 
This report i s  the second of three reports planned to  summarize the 
technology state-of-the-art  for  graphite and boron reinforced epoxy 
and polyimide matrix txaterials. T i t les  of the reports are as' follows: 
1.2-DN-B0104-1 
"Advanced Composites - Mechanical Properties, and Hardware Programs 
f o r  Selected Resin Matrix Materials" 
1 .2-DN-B0104-2 
"Advanced Composites - Environmental Effects on Selected Resin Matrix 
Material s" 
1.2-DN-B0104-3 ' 
"Advanced Composites - Fabrication Processes for  Sel x t e d  Resin 
Matrix Materials" 
The data and information presented i s  intended as an adjunct to ongoing 
NASA studies to  determine the re ia t ive  merits of using composites 
in .the Space Shuttle program. 
The other reports document reasons why compos.ites are being consider- 
ed for more and more aerospace hardware. Designers of high perform- 
ance aerospace vehicles are constantly seeking ways to  save weight 
and improve performance by employing more ef f ic ien t  structure.  
T h e  f i r s t  report discusses the higher strength allowables that  make 
composites such a t t rac t ive  materials t o  u t i l i z e  while the third report 
deals with the fabrication processes typically employed to make pro- 
duction hardware. 
The high strength values reported in the 1.2-DN-B0104-1 document 
cannot be completely realized for  a l l  design applications because 
o f  t h e  p o t e n t i a l  degrad ing e f f e c t  t he  expec teda  f l  i g h t  environment can have 
upon composi te m a t e r i a l s ,  e s p e c i a l l y  those  w i t h  a r e s i n  m a t r i x .  The 
o b j e c t i v e  o f  t h i s  r e p p r t  i s  t o  i d e n t i f y  t h e  e f f e c t s  t h a t  expected 
f l i g h t  environment can have upon composi te p r o p e r t i e s  'and t h e  s teps 
b e i n g  taken by des igners  and a n a l y s t s  t o  e i t h e r  a l l e v i a t e  t h e  poten-  
t i a l  problem o r  t h e  techniques used t o  overcome.or accomlnodate them. 
SUMMARY 
This Design Note documents the-effects of environmental phenomena on 
the mechanical properties of epoxy and polyimide matrix cozposites. 
. Information was obtained from ten Aerospace Iniustries' and Government 
Agencies' reports. . Environmental phenomena covered in this report 
are: water immersion, high temperature aging, humidity, lightning 
strike, galvanic action, electromagnetic 'interference, thermal shock, 
rain and sand erosion, and thermal/vacuum outgassing. 
General conclusions arrived at are that resin matrf x coni~oc i irb 
generally are affected to some degree by natural erl~iirui!ra?ntal pheno- 
mena with polyimide resin matrix materials less affected than e~qxies, 
INTRODUCTION 
T h i s  Des ign Note  i s  i n t e n d e d  t o  f u r n i s h  des ign ,  s t r u c t u r e s ,  and 
. 
m a t e r i a l s  and processes eng ineers  w i t h  i n f o r m a t i o n  abou t  t h e  e f f e c t s  
o f  v a r i o u s  env i ronmen ta l  phenomena on s e l e c t e d  r e s i n / f i b e r  compos i tes  
t o  p e r m i t  them t o  e v a l u a t e  t h e  a p p r o p r i a t e n e s s  o f ' t h e s e  m a t e r i a l s  f o r  
S h u t t l e  ?pi:: ~ i c a i i : r n s .  
P a s t  t e s t  programs on compos i tes  have i n d i c a t e d  t h a t  t o  v a r y i n g  
degrees,  r e s i n  m a t r i x  t y p e  compos i tes  a r e  s u s c e p t i b l e  t o  s t r e n g t h  
d e g r a d a t i o n  w i t h  t h e  degree o f  d e g r a d a t i o n  a f u n c t i o n  o f  t i m e  ex-  
posed t o  t h e  env i ronment .  An u n d e r s t a n d i n g  o f  t h e s e  e f f e c t s  i s  r e -  
q u i r e d  i f  r e a l i s t i c  des igns  a r e  t o  be o b t a i n e d .  On ly  when t h e  e f f e c t s  
a r e  unders tood  and c h a r a c t e r i z e d  can l o g i c a l  s t e p s  be t a k e n  t o  accoun t  
f o r  them. F o r  example, c u r r e n t  r e s e a r c h  e f f o r t s  a r e  aimed a t  improv-  
i n g  w e l l  e s t a b l i s h e d  compos i te  m a t e r i a l s .  AFML i s  -a t tempt ing  t o  
a l l e v i a t e  t h e  prob lem o f  m o i s t u r e  a b s o r p t i o n  i n  epoxy m a t f i x  composi tes 
by  chemica l  m o d i f i c a t i o n  o r  b y  t h e  use o f  more h y d r o l y t i c a l l y  s t a b l e  
- m a t e r i a l s .  F o r  chemica l  m o d i f i c a t i o n ,  t h e  sea rch .  i s  f o r  p r o p e r  
hyd rophob ic  a d d i t i v e .  The o t h e r  approach i n v o l v e s  t h e  o p t i m i z a t i o n  
o f  t h e  c h e m i s t r y  and p r o c e s s i n g  o f  m a t r i x  po lymers .  
V a r i o u s  government agenc ies  a r e  a1 so e v a l u a t i n g  t h e  l o n g - t e r m  e n v i r o n -  
men ta l  r e s i s t a n c e  o f  compos i tes .  NASA ( L a n g l e y )  f o r  example, w i l l  be 
e v a l u a t i n g  g r a p h i t e l p o l y i m i d e  compos i tes  on t h e  YF-12 a i r c r a f t  d u r i n g  
a c t u a l  s e r v i c e  w h i l e  t h e  m a t e r i a l  i s  a l s o  b e i n g  t e s t e d  i n  t b e  l a b o r a -  
t o r y  a f t e r  10,000 hours  a t  600 '~ .  A l s o ,  ' t e s t  coupons O F  v a r i o u s  cam- 
p o s i  t e s  ar-e " o n - s i  t e "  a t  a i r 1  i n e .  t e r t r l i na l  s  t o  e s t a b l  i s h  l ong - te rn l ,  
wo r ld -w ide ,  e n v i  t.ionmenta1 d a t a .  . 
4 
Other aerospace organizations and government agencies have also 
conducted environmental tests, -mostly cn a laboratory control led basis. 
.This report will deal directly with data and inforration obtained from 
these reports. 
DISCUSSION 
I n f o r m a t i o n  i n  t h i s  s e c t i o n  . on g r a p h i t e  and boron/epoxy and po l y im ide  
m a t r i x  compnsi t e s  a r e  .based on labora t<ory  c o n t r o l  1 i d  environments which 
art. gencrdl 1 y ri1ou.c severe than n a t u r a l  phenomena. Resul ts ,  when used 
i n  t h e i r  proper  con ten t ,  can p rov ide  necessary i n s i g h t  t o  r e a l i s t i c a l l y  
assess 2. pf~.:rei~ :r ~ l  design appl  i c a t i o n .  
Mo i s tu re  and Thermal E f f e c t s  
Tes t  work performed by  General Dynamics i n  Reference 1 shows t h e r e  a r e  
-no  marked d i f f e r e n c e s  i n  h i gh  temper-ature s t r e n g t h  t e s t  r e s u l t s  between 
graphi te /epoxy specimens exposed t o  a 24 hour  wate r  b o i l  and those ex- 
posed t o  a h i g h  humid i ty / temperature exposure. Data presented i n  Tables 
I and '11, on two d i f f e r e n t  r e s i n  systems, also. ind - i ca te  t h a t  maximum 
c u r e ' o r  pos tcure  temperatures have o n l y  a minimal; i f  r e a l  e f f e c t  on 
. . 
mo i s tu re  r e s i s t a n c e  o f  h i gh  temperature epoxy systems. 
Experimental  da ta  of adhesi,ve-bonded doub le - lap  and s c a r f  j o i n t s  f rom 
Rockwell Repor t  RI-73A01-Vol . 1, (Reference 2 )  shows t h a t  any S i g n i f i -  
c a n t  . s t r e n g t h  degrada t ion  was basical-1y i n  the'  adhesive system, r a t h e r  
than  the  boron/epoxy composite i t s e l f  as a r e s u l t  o f  moi'sture env i r on -  
mental  exposures. 
The v a r i a b l e s  i nvo l ved  i n  t he  double- lap bonded j o i n t s  were i n v e s t i g a t -  
ed us ing  AF-126-2 and HT 424 adhesives and boron/epoxy t o  boron/epoxy 
and boron/epoxy t o  t ' i t an ium adherznd combinat ions.  -The hun l i d i t y  env i r on -  
ment o f  1 6 5 ' ~  a t  95% RH f o r .  30 days caused some .degradat ion e f f e c t s  w i t h  ' 
va lues o f  72 and 77 percen t  o f  room temperature s t a t i c  s t r e n g t h  f o r  the  
AFl126-2 and HT 424 adhesives,.  r e i p e c t i v e l y ,  s i n g l e - t a p e r ,  scar f  j o i n t  i n v e s t i -  
TABLE I 
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TABLE I 1  
EFFECTS OF CURE AND POSTCURE ON 
UNIDIRECTIONAL HT-2/X-915 LONGITUDINAL 
FLEXURE STRENGTH AT 350 F AFTER HUMIDITY EXPOSURE 
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ga t i ons  f o r  t h e  t e rnpe ra tu re /hm id i  t y  exposure e f f e c t s  a t  1 6 2 ' ~  and 
95% RH f o r  30 days, showed . t h e  . AF126-2 and HT 424 adhesive bonded 
j o i n t s  have a  s i g n i f i c a n t  degrada t ion  i n  s t r e n g t h .  ' The da ta  averaged 
49 and 44% o f  RT s t a t l c  s t r e n g t h  va lues,  r e s p e c t i v e l y .  
Adhesive bonded advanced composi te t e s t  spec imer~s shorired t h a t  env i ron-  
mental  e f f e c t s  a r e  a  f a c t o r  t o  be cons idered i n  s e l e c t i o n  of t h e  
a p p r o p r i a t e  adhesive system, j u s t  a5 would be t h e  case f o r  convent ion-  
a l  metal  - to-meta l  adhesive bonded j o i n t s .  C o r r e l a t i o n  between pure 
r e s i n  and composi te degrada t ion  con f j rms  t h a t  wa te r  a b s o r p t i o n  by  t h e  
r e s i n  m a t r i x  i s  t h e  p r i n c i p a l  f a c t o r  caus ing  ambient ag ing  problem i n  
r e i n f o r c e d  epox ies.  
The Rockwel l  s tudy f u r t h e r  showed t h a t  boron /epoxy ' re ta ined  a  h i ghe r  
percentage o f  i t s  e l eva ted  temperature p r o p e r t i e s  a f t e r  wa te r  b o i l  
than  g raph i  t e l epoxy  o r  g l ass  /epoxy systems. Th i s  would suppor t  the  
conc lus i on  t h a t  f i b e r  o r  f i b e r l r e s i n  i n t e r f a c e  degrada t ion  i s  a 
c o n t r i b u t i n g  f a c t o r .  
Some work has been done t o  show t h a t  coa t i ngs  can reduce t h e  e f f e c t  
o f  mo i s tu re  abso rp t i on .  By a p p l y i n g  a  0.005 i n c h  flarrle sprayed 
aluminum c o a t i n g  t o  t h e  exposed su r f ace  o f  a  boron/epoxy lamina te ,  t h e  
weather ing degrada t ion  f o r  i n t e r l a ~ i n a r  shear s t r e n g t h  when t e s t e d  a t  
300 '~  was reduced 20% over  non- t rea ted  specimens : The appl  i c a t i o n  
o f  comp le te ly  irnper'vious coa t i ngs  such a s  nietal  f o i l s  - t o  composi te 
p a r t s  i s  n o t  p r a c t i c a l .  The answer, therc2fore, . is  t o  use a r e s i n /  
f i b e r  system t h a t  (1  ) shows t h e  l e a s t  h i g h  temperature degrada t ion  
a f t e r  riioisture exposure and ( 2 )  use su i t ab le  reduction fac to rs  on the 
material:% desigr! a1 lowabl es t a  account f o r  strength reduction due to  
the environment. Each s t ructura l  applicat ion wil l  have to use a per- 
centage strength reduction based on the expecttd'number of hours and 
ambient temperature.for the veh ic le ' s  service  l i f e .  
Preliminary t e s t i ng  of newer res in  systems indicates  t ha t  Whittaker 
5208, Hercules 3501, Fiber i te  934 and Ferro E-350 epoxy res ins  have 
be t t e r  elevated temperature s t rength  re tent ions  a f t e r  moisture expo- 
sure  than other  epoxy matrix composites t e s ted .  Evaluation of high- 
temperature res ins  by General Dynamics Convai r Division (Reference 3) 
indicates t ha t  the polyimides a re  good candidates f o r  replacement of 
the epoxies and show minimum e f f ec t s  due t o  moisture exposure a t  
temperatures u p  t o  600'~. 
Boron/epoxy and graphite/epoxy laminates and laminate-faced aluminum 
honeycomb sandwich specimens have been subjected t o  thermal pulses 
.specif ied under mi l i t a ry  requirements. Thermal pulse t e s t ing  involves 
superimposing repeated integrated thermal i n p u t  cycles O ; I , L O  prestressed 
advanced composite material , fol  lowed by residual strength determina- 
t ion .  Thermal pulse cycles from 1 0 0 ~ ~  to  260 '~  t o  1 OO'F and from 1 OO'F 
t o  350'~ t o  1 0 0 ' ~  have been used f o r  cycl ic  thermal conditioning 
(thermal shock). Exposures of t e s t  simples f o r  500 cycles and 1090 
cycles have been undertaken a t  a r a t e  of one cycle per hour. 
Results obtained from specimen.. exposed t o  the number of cycles shown 
above indicate  t ha t  thermal cycles will cause mi'crocracking of the 
f i b e r  reinforced conlposi t e  and a1 so change the  moisture' absorpt iv i ty  
coe f f i c i en t  o f  the mater ia l  ; Therefore, temperature cycl ing,  which 
can occur i n  supersonic servi,ce, may cause permanent chqnges i n  the 
moisture d t f fus ion behavior o f  the mater ia l .  A1 though a l l  o f  the 
. . 
absorbed. moisture can be removed by dry fng a t  180'~ t h e  d i f f u s i o n  
behavior i s  permanently changed, Exposure t o  sub-zero temperatures, 
on the o ther  hand, ,usual ly  does no t  cause any change i n  d i f f u s i o n  
behavior. - 
I n  general , uncoated advanced composi tes incur  a s i g n i f i c a n t  st rength 
. . 
reduction because o f  the thermal pulse. Coattngs, such as those 
sa t i s fy ing  1 igh tn ing  s t r i k e  p ro tec t ion  requirements, can a lso ac t  as 
thermal p ro tec t ion  and minimi ze o r  e l  tminate laminate strength degra- 
dation. 
The effects of moisture and temperature'on mater ia l  propert ies are 
. . 
presented i n  Tables E t h ru  X ,  The'data was. obtatned from references 
1 and 3-8 covering the time per iod from 1970 t h r u  1975. Oata tabulat-  
ed i n  the tables were, i n  practi;ally a l l  cases, averages o f  data 
points recorded from the various t e s t  programs reviewed. I n  some 
cases repor ts  s ta ted t h a t  st rengths o r  modul i present.cd...were ca lcu la t -  
ed averages from "Xu number o f  i nd i v i dua l  data po in ts .  MIL-HDBK-SB, 
i n  the sec t i  on on procedure f o r  ca l  cu? a t i  ng design a1 :owables , states 
t ha t  100 data po in ts  may be adequate t o  a l low determination o f  A and 
B values, provided the data are near-normally d ts t r ibuted.  If the 
d i s t r l b u t i o n  i s  no t  normal, a t  l e a s t  300 data po in ts  are required so 
t ha t  computation can proceed wi thout  knowledge o f  the d i s ;  -i but ion 
form. Since there were $not enough data po in ts  co l lec ted  f o r  any one 
property t o  a1 low ca lcu la t ions o f  MIL-HDBK-5 method design a1 low- 
ables, a1 1 property data shown i n  t h i s  note are presented as t yp i ca l  
values and should n o t  .be used .as desigti a1 lowables. 
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Table 111 con ta ins  a  summary o f  t y p i c a l  p r o p e r t y  va lues f o r  severa l  
composite m a t e r i a l s  a f t e r  va r i gus  env i ronmenta l  exposure cond i t i ons .  
Tab le  I V  con ta i ns  a d d i t i o n a l  da ta  f r om Reference 1  t h a t  f u r t h e r  tends 
t o  s u b s t a n t i a t e  the  smal l  d i f f e r e n c e  i n  h i g h  temperature f l e x u r a l  
p r o p e r t y  va lues between specimens exposed t o  a  24 hour  water  b o i l  and 
those expoced t o  a  humidi  t y l t empera tu re  exposure. Note t h a t  the  
average f l e A u r a l  s t r e n g t h  va lue  f o r  c o n t r o l  specimens t e s t e d  a t  6 0 0 ' ~  
i s  lower  than f o r  env i r onmen ta l l y  exposed specimens. D e t a i l  rev iew 
o f  t h e  da ta  revea l s  t h a t  the  c o n t r o l  averages.based upon s i x  specimens 
w i t h  h igh- low va lues be ing  91.8/78.2 versus .:,ly 3 c o n t r o l  specimens 
f o r  t he  exposed c o n d i t i o n  w i t h  t h e  h igh- low va lue  95.2181.4. The 
d i f f e r e n c e s  aga in  p o i n t  o u t  t he  hazard o f  drawing conc lus ions based 
- upon t e s t s  n o t  conducted w i t h  a  s i g n i f i c a n t  number o f  r e p l i c a t e s .  
A d d i t i o n a l  work conducted by General Dynamics and repo r ted  i n  Reference 
7 shows t h a t  o f  two popu la r  g raph i t e l epoxy  systems exposed t o  24 hours 
o f  water  b o i l  and f l e x u r a l  s t r e n g t h  t e s t e d  a t  350'~,  t he  T300/5208 
m a t e r i a l  r e t a i n e d  15 percen t  more s t r eng th .  However, t h e  T300/5208 
m a t e r i a l  l o s t  18 percen t  more s h o r t  beam shear s t r e n g t r ~ .  Table V 
shows t he  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a long  w i t h  comparisons t o  
Kevlar-49/5102 s t y l e  101 c l o t h  m a t e r i a l .  
M a t r i x  dependent p r o p e r t i e s  o f  a.boror i /epoxy l am ina te  a r e  s e r i o u s l y  
a f f e c t e d  by b o t h  s a l t  spray.and hum id i t y  exposures.but  f i i a ~ e n t  depen- 
den t  p r o p e r t i e s  (0' t e n s i l e  s t r e n g t h )  a r e  n e g l i g i b l y  a f f e c t e d  by s a l t  - 
spray o r  hum id i t y  exposure. The r e s u l t s  o f  t e s t - w o r k  conducted by 
McDonnell A i r c r a f t  Conlpany (Reference 4 on Boron/epoxy ) a re  shown 
i n  Table V I .  
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TABLE I11 
MECHANICAL PROPERTIES AFTER E~~VI!?OII!~EFJTAL EXPOSURE 
(TYPICAL VALUES) 
(NOT TO BE USED . FOR DESIGN ALLOWABLES) - 
- - --- 
EPOtY P L S l N  FPAI'I~IIE F A r i H l C l  
P S I  3 0 0 2  X91J 934 EPOXY 
F l P E l l T E  1 W I T - I l O l l l 4  BLz~)~~/?~)LV I H I D E  G!IA?HITE/PCLY IH!OE 1 W 2 7 ~ s ~ ~ i / ~ B 7 0 ~  E O X 0 I 4 l S l 7 0 J  1 UHLTTAKER PROPERTY AN0 EXPOSURE FLEX.  STRE~ICTH (KS I ) AFTER 24 HHS. P2O 9 3 I L  
- 
FLEX n a a u L u s  (KSI) 
A F l E R  3 WEEKS 1 2 2 - F  
100: RH 
F L E X  STRENGTH ( K S I )  
AFTER 2 HR. Hz0 6 C 1 L  I 350 I 
FLEX MJDULUS ( E S I )  
AFTER 2 HRS. H z 0  6 0 1 L  I I 
O0 FLEX STRE!lSTH ( & I )  
AFTER 5 6 0  H9S AT 27G'F 2 7 0  
AFTER 5OJ HRS AT 3 5 0 ° F  3 5 0  
AFTER 1 0 0  HRS AT 5 5 0 a F  5 5 0  
9i1° FLEX STRENClTH ( X S I )  
A i T E R  5 0 0  HRS AT 2 7 0 ° F  
AFTER 509 HKS AT ?SO0F 
AFTER 1 0 0  H8S AT 5 X " F  5 5 0  
OD TEI IS ILE STRE'IGTH (KSI) 
AFTER 1 0 0  HRS AT .550°F I 150 I 
.I oa  ENSILE ;!xus 1 5 5 0  1 ?, AFTER 1 0 0  HRS AT 5 5 Q C i  
I '30" TENSILE STREIi5TH ( K S I )  AFTER 1 0 0  HRS AT 5 5 0 ° F  
I 9 0 "  TENSILE H03ULUS ( M S I )  AFTER 1 0 0  H2S AT SSO0F 
oo cow. s T i i i N s T H  ( ~ s i l  1 r a  1 AFTER 1 0 0  HRS AT 5 5 0 ' F  
I 0' CO!IP . H307LVS ( V S  I ) AFTER 1 0 0  H9S AT 5 5 0 ° F  I 1 5 0  I 
----- 
90". CCXP. STR:'I;TU (KSI) 
AFTER 1 0 0  tlRS AT 5 5 0 3 F  r
IIITER!  P!iI:IAP 5YEA.S 
STEE!i;iTII (K51 ) 
E f  T E R  500 trri5 k T  l;r)'F 273 
AFTER 5 0 J  t lZS i T  355 3 5 0  
ORIGZNAC PAGE 1 
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Tab le  V I  I shows t h a t  boron/epoxy l am ina te  f l e x u r a l  s t r e n g t h  degrada- 
t i o n  behav io r  as a  f u n c t i o n  o f - t empe ra tu re ,  i s  d i f f e r e n t  than  f o r  
f i b e r g l a s s l e p o x y .  Resu l t s  presented i n  t h e  t a b l e  were taken f rom 
Reference 4. 
Data presented i n  Table  V I I I  shows t h a t  a f t e r  100 hours exposure t o  
550'~ both  t h e  l o n g i t u d i n a l  and t r ansve rse  t e n s i l e  p r o p e r t i e s  o f  a  
g raph i  t e / po l y im ide  composi te a r e  s i g ~ i f i c a n t l y  a f f ec ted .  
ITT i n  Reference 5 d i d  work t o  determine t h e  e f f e c t i v e n e s s  o f  coa t i ngs  
on r e t e n t i o n  o f  composi te mechanical p r o p e r t i e s .  P r o t e c t i v e  systems 
eva lua ted  ' f o r  boron lepoxy lamina tes  were po lyu re thane  and epoxy p a i n t .  
T e s t  r e s u l t s  shown i n  Table  I X  i n d i c a t e  t h a t  boron/epoxy panels  p a i n t -  
ed w i t h  po lyu re thane  p a i n t  degrade s l i g h t i y  l e s s  than  panels  p a i n t e d  
w i t h  epoxy p a i n t  a f t e r  exposure f o r  t h r e e  weeks t o  100 pe rcen t  r e l a t i v e  
humid i t y .  Tes ts  a l s o  have shown t h a t  po lyu re thane  p a i n t  exce l s  over  
-epoxy p a i n t  i n  f l e x i b i l i t y ,  c o l o r  r e t e n t i o n ,  "cha lk "  r e s i s t a n c e  and 
- h i g h  temperature c a p a b i l i t y .  
Narmco No. 2387 epoxy r e s i n ,  t h e  same r e s i n  used i n  5505 boron/epoxy 
prepreg, was c a s t  i n  sheets and exposed t o  hum id i t y  f o r  f i v e  weeks. 
When t e s t e d  a t  3 6 5 ' ~  t h e  m a t e r i a l  showed a  t e n s i l e  s t r e n g t h  l o s s  o f  
76 percent .  Th i s  v ~ o u l d  i n d i c a t e  t h a t  s t r e n g t h  losses  i n  epoxy advanc- 
ed composites i s  m a i n l y  a t t r i b u t e d  t o  p l a s t i c i z a t i o n  o f  t h e  r e s i n  
m a t r i x  by m o i s t u r e  a t  h i g h  temperature.  The da ta  shown i n  Table  X 
i s  frum t h e  work done by  McDonnell A i r c r a f t  Conlpany (Reference 4 ) .  
TABLE VII 
KECHANI CAL STP\'E!!GTH OF FI BERGLASSIEPOXY AND 
BOROf4/EPOXY COEPOS ITES AFTER 
EI4V I ROtXENTAL EXPOSURE 
Average of ? specimens. 
95-1002 RH a t  120°F; once a day, except  weekends, pane ls  were removed from 
humidity chamber and placed i n  a -65°F chamber f o r  1 hour and then i n  a 250°F 
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TABLE V I I I  
GRAPHITE/POLY IMIDE LONGITUDINAL AND TRANSVERSE 
TENSILE PRJPERTIES AT 550°F - 100 HR SOAK . 
MODMOR I I/SKYBOND 703 
- --- 
TABLE I X  
MECHANICAL STRENGTH OF EPOXY AND POLYURETHANE 
PAINTED SP-296 BORON/EPOXY LAMINATE 






















0"  F l exu ra l  biodulus 
0" F l exu ra l  S t r eng th  
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0" F l exu ra l  Modui us 
90" F l exu ra l  S t r eng th  
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MECHANICAL PROPERTIES OF NARKCO NO. 2387 EPOXY TESTED AT 365°F AFTER ENVIRONMENTAL EXPOSURES 
1 AVERAGE OF 3 SPECIMENS; 
2 CO?iTROL PANELS FABRICATED WITH SAhE RAM MATERIAL AND AT'SAME TIME AS THE WEATHERED PANELS. 
PROPERTY 1 
3 P A N ~ L S  SL'BJECTED TO 95-100% RELqTI'JE HUMIDI.TY AT 120 +' 5"; ONCE A DAY, EXCEPT WEEKENDS, THE PANELS 
'ISRE REMGVED FROM THE HUMIDITY CHAMBER AND PLACED IN -65 + 5°F CHAMBER FOR ONE HOUR AND THEN IN A . 









I JOHNSON %EAR STRENGTH, PSI 




30 DAY 5% 
SALT SPRAY 








13.3 458 1630 I 75.8 I 
Lightning Str ike,  P-Static .and Electromagnetic Interference' (EMI) 
Boron and graphite filament organic matrix composite are  susceptible 
to 1 ightning damage, do not dissipate precipitation (P) -s ta t ic  
e lectr ical  charges, nor provide electromagnetic shielding. Exposure 
of an unprotected boron or graphite laminate to  direct  lightning s t r ike  
can resul t  in severe laminate damage, such as burning'or rupture. If an 
unprotected advanced composite 1 aminate i s  bonded to an aluminum honey- 
comb core, the lightning s t r ike  can resu l t  in d ie lec t r ic  puncture of the 
laminate, vaporization of core material, and severe disbonding. 
Coulomb transfers of only 50 coulombs in one second can cause ignition of 
the epoxy on the rear surface of an .l8-ply boron/epoxy monolithic panel. 
However, a 120-mesh aluminum fabric  can be used to  protect an 18-ply 
B/E panel b u t  n o t  a 7-ply boron/aluminum honeycomb sandwich panel, for  
reasons which are not ful ly  understood. 
Graphite epoxy i s  much more conductive than boron/epoxy, and therefore, 
should be less  vulnerable. In certain applications, a graphite 
composite structure may well be able to  sustain even a heavy lightning 
s t r i k e  without catastrophic damage. The f inal  factor which will 
determine whether protection must be added wil.1 be the laboratory 
t e s t  of the specific composite configuration that  i s  being considered 
for  the intended application. 
Air vehicle protruding t ips ,  leading edges, and t ra i l ing  edges are 
the exterior mold l ine  surfaces most l ike ly  to  be  primary l i g h t n i r ~ ~  
s t r ike  zones; other a i r fo i l  surfaces are secondarj s t r ike  zones. Both - 
must be conductive to  dissipate s t a t i c  e1ec.trici.t~ to  ground or to  
s t a t i c  dischargers. 
~ i g h t n i n g  protection systems se lected f o r  use in advanced composite 
applicat ions should generally s a t i s f y  the following requirements: 
a. Nei thcr protective s y s t m  nor i t s  zppl i ca t i cn  process 
should de t r ac t  from advanced cornposit. material proper t ies .  
b .  I t  should withstand mechanical forces involved in d izs ipat ing 
high e l ec t r i c a l  (1 ightning) energy loads and provide su f f i c i en t  
conductive surface t o  sub-structure continuity f o r  safety-of-  
f l i g h t  protection from e l e c t r i c a l  wave forms, i . e . ,  such as 
shown i n  MIL-B-5087. 
c .  I t  should permit d iss ipat ion and flow of s t a t i c  e l e c t r i c i t y  
t o  sub-s t ruc tu re  ground and/or s t a t i  c dischargers 
i U p i g t a i  1s" )  and should provide adequate shielding f o r  
electromagnetic in terference (EMT) .  
d .  I t s  conductivity cha r ac t e r i s t i c s  and e l ec t r i c a l  grounding 
j o i n t  should not s i gn i f i c an t l y  degrade with tirce o r  operational 
envi ronment exposure. 
e .  I t s  protective surface material system should be repai rable ,  
considering f l i g h t  and ground service  exposure iondi t ions ,  
and require a minirnurn of maintenance. 
Shielding of sens i t ive  and c r i t i c a l  el  cctroni  c equipment frorr; external 
electromagnetic in terference i s  of v i t a l  inportance in nlany typzs of 
aerospace vehicle s y s t e m ,  and i s  most d i r cc t l y  acconiplished by 
surl*ounding such cquipnlent in arl e lec t l r ica l ly  conductive she1 1 .  Metal 1 i c  
structi lrc perfornis t t ~ i  s functi o ; ~  autolnati cal l y  ; hoi,cver, organic ~ i ~ a t r i x  
advanced conlposi tes  cannoi: meet t h i s  requi relocrrt ~117cssi s ted because the 
.filaments are  not. good enough conductors ( ' i i~r. i r e  they we71 enough 
grounded o r  f nter-connected) to  absorb by induction external  e lec t ro -  
magnetic radia t ion.  Fortunately, the basic protect ive  sys terns necessary 
t o  guard .against l ightning s t r i k e  damage consis t  of external  conductive 
materials of one type o r  another and, consequently, can i f  properly 
designed simultaneously serve as e f f ec t i ve  external EM1 shie lds .  
Lightning s t r i k e  protection systems described in Tables XI and XI1  can, 
in general,  s a t i s f y  some of the l ightning design requirements and 
probably exceed requirements f o r  P - s t a t i c .  The most successful system 
u t i l i zed  to  date i s  120 mesh aluminum wire screen co-cured as the 
outermost p ly  of the  laminate. Aluminunl wire mesh has demonstrated 
the a b i l i t y  t o  withstand l ightning discharges of 200 i(A and i s  one 
of the current ly  predominant shielding systerr~s in use. The data 
c 'esented i n  Table XI1 was abstracted from Reference 9. - 
Other protection systems of flame sprayed aluniinum and alun~inum foi  1 
wil l  protect  against  l ightning s t r i k e  b u t  a r e  more than double the 
weight of the mesh screen. All these systems a re  bonded t o  the ex- 
ternal  moldline facing during the composite cure. Flame sprayed aluminum 
i s  repai rable ,  i s  not  r e s t r i c t ed  by s i z e  or  shape and has a low 
mai-ntenance record. The aluminum f o i l  rnethod i s  the  only one t ha t  
completely sea l s  i n  the  composite surface and i s  a l so  replaceable. 
Galvanic Corrosion 
- --
A1 t h o u g h  r e s in  ntatrix co~:lposi tes  a re  considered organic i n  nature,  
they s t i l l  can present a problem i n  galv3nic corrosion. All indications 
a re  that  graphite reinforced coniposites a rc  more of a problem than 
TABLE XI 
LIGHTNING STRIKE PROTECTION SYSTEMS 
Disadvzntages 
7 .  Coating weirkt and q u a l i t y  i s  
operator-dependent 
2. P,lurriinum fls.-?e spray qua1 i ty 
cannot t;e dcten~~ined pr ior  t o  
part  cure 
3 .  Lirr,i ted 1 ong-term service 
fatigue experience record 
1.  Foil stock v!idth l imitations 
2.  Diff icuj t  to  ins ta l l  on 
corrpound contcurs 
3.  Poor repai rshi 1 i ty 
I 
character is t ics  
4. Pocr part  handle-ssili t y  
characteristics 
5. Fezviest system 
1. 1;esh stock width l i ~ l i t a t i o n s  . 
2. Inadequate envi ronme~tal seal 
for  con~pos i t e  
i 
Advanta?es 
1 .  Independent of surface shape 
and s ize ' 
2. Repai rabl c 
3 .  LCW rsai n ter~ance 
4. f z r t i a l  envi'ronniental s e a l  of 
composi t e  surface 
1 .' tnviro~ciental seal of composite 
surface 
2. Uniform surface conductivity 
3 .  Surface r a t e r i a l  corpletely 
replaceable 
1. Ibiiniclun? shape constraint 
2 .  Lishtest-wight system 
3 .  Reparable 
4. Lev: raintenance 
5. Lc:;est cost 
systefie (cresb cotured with 
1 ar,i n a  t e .  ) 
Instal 1 a t i  o r  
1a;ethod 
Cocured 
I I Protectian e l  $
I Sy s tern i , (i --b / - f t L )  
I 
t"il cminur,: f lsp:? 
s.sray (6 ~riils)  
0.07Ci- 
!!.GIG 
Bluminur,; f o i l  
! ( 5  r,: 'fs) 
0.0-7g 
9.070 + / Adhesi; cOcurpd ve 
Adiicsive ] bonded 





SUI',:4ARY OF LIGHTNING STRIKE DAKAGE TEST RESULTS 
i ?anel 
Cescript ion 






P ro tec t ive  ! S t r i k e  Level 
Systen 
,-.  
Vis ib le  Daaage/No t e s  Weiaht 
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I I F/E 7 Ply id/HoneyconS " 1 I . 51  
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I n i t i a l  
Rod 1 335,8 ' 
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8 1 ~  18  ply 







P l a t e  
Rod 
Rod 
P l a t e  
Rod 
Rod 
P l a t e  
P l a t e  
P l a t e  
' P l a t e  
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i 0.4 9ns Burned several  paths  i n  top l i e s .  11: d i a .  
hole  0.97" deep a t  s t r i k e .  gear s u r f a c e  
igr?i t G 3 n .  
P r inc ipa l  burn path 7(8p x 6" in top p l i e s .  
Hole a t  s t r i k e  p a i n t  ; 0.05" deep. Rear 
s u r f a c e  sevsre ly  it ar red  and bul3eC - 0.02 
i n .  1/2" dia-eier .  
Burned 2" x 5" path irt top p:y. R:ar sur faca  
charred 3/8 x 1 1/4" and bulged - 0.33". 
Hole thru tcp  7 p l i e s .  S l i g h t  char r lcg  o f  













11 I * 115 
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" 103 I 1.15 
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318" d i a .  t c l e  zhru tcp  7 p l i e s .  S l i g + t  
char r ing  o f  r i ~ r  sur face .  Current tcoh 
t o r t u r c u s  path thru f i 3 e r  t o  e l e c t r o d e .  i 
?/2"  d i a .  ho:e tyru zop 7 p l i e s .  Charring o n  
ne,x sur face  i~ 1/2" d ia .  a rea .  
Locally bgrned nesh exposing few f i b e r s .  Arc 
i 
s e l f  ext inguished.  
I l  I1 41 I1 I1 )I I 1' 
I1 I1 I, I, I, II I, 
11 . ,I It I I, U I, . Y 
' I 
I1 ,I I I ,  I1 I, I ,  U 
11 ,I , ,I !' ,I 
Surred 318" dia .  kole  th ru  top 7 p l l e s .  R e ~ r  
S ~ r f c c e  l?!htly d i sco lored  and bulged - .035" 
behind s t r i  Le. 












I I  I 70 
boron r e i n f o r c e d  e s p e c i a l l y  when one cons iders  t h a t  most a i r f r ame  
s t r u c t u r e s  a t e  made f rom aluminum which 1  i e s  below boron i n  t he  
. - 
e l e c t r o m o t i v e  s e r i e s  ( eg  boron i s  more anod ic  than aluminum). 
Graph i te  on the  o t h e r  hand i s  more ca thod i c  and can r e s u l t  i n  severe 
ga l van i c  c o r r o s i o n  t o  t h e  anodic  m a t e r i a l  aluminum. T h e i r  sepa ra t i on  
on t he  ga l van i c  s c a l e  i s  i n  t h e  same ca tego ry  as aluminum i n  c o n t a c t  
w i t h  s i l v e r ,  go ld ,  and p la t inum.  As w i t h  c o r r o s i o n  between two 
homogenzous metal  s  ga l van i c  c o r r o s i o n  between g raph i  te/epoxy and 
aluminun s t r u c t u r e  depends on t h e  amount o f  mo i s tu re  which pene t ra tes  
t h e  j o i n t  i n t e r f a c e .  
When one m a t e r i a l  causes ga l van i c  c o r r o s i o n  o f  another ,  an e l e c t r i c  
c u r r e n t  f l ows  froni one m a t e r i a l  t o  another .  By measur ing t h i s  
ga l van i c  c u r r e n t  i t  i s  p o s s i b l e  t o  ca1cu:ate how f a s t  t h e  anodic  
m a t e r i a l  i s  co r rod ing ,  A c o r r o s i o n  c u r r e n t  o f  one microampere p e r  
sq. c e n t i a e t e r  o f  c o r r o d i n g  su r f ace  area i s  a p p r o x i n ~ a t e l y  e q u i v a l e n t  
t o  a  l oss  o f  s e c t i o n a l  th i ckness  o f  1  m i l ,  (0.001, i n c h )  pe r  yea r  f o r  
t h e  anodic m a t e r i a l ,  Cor ros ion  r a t e s  ob ta i ned  between va r i ous  
composite c ~ n s t i t u e n t s  and 7075-T6 a re  p resen ted  i n  Table  X I I I :  
T A B L E  XI11 
G A L V A N l C  CORROSION RATE OF 7075-T6 ALUMINUM 
I N  CONTACT WITH SEVERAL MATERIALS 
- -- - 
CATtlODE FIATEKIAI.. PEAK CORROSION AVERAGE CORROSIOP4 
RATE I N  MILS/YEAR RATE IN FlILS/YEAR 
.Abraded Boron 
Abraded Graph i te  
Graph i t e  /Ma t\ I x 2.5 1.2 
T i  t a n i  urii 1.4 0.8 
---- 
)h i  ti? 
'. In C O n Z a c t  w l  t n  t r  tanjurn, un tnc otner 
BY BSf 
t?en par 
:an i n  mast designs izposc a weight  andfor co: 
aph  i tt?t tis wi)u uric US. 
h i  5 X X  
taicless srecl f rlcaiie r 
make' predictions on 1 i f e  expectancy of graphi telepoxy - a1 umi num 
a l l oy  composite assemblies. Results do indicate  t h a t  protection i s  
. .  
required and, tha t  b e t t e r  protection nethods should be developed. 
. Rain and Sand Ersosion --
Erosion of advanced composites resu l t ing  from ra in ,  sand and dust 
presents,  in  general,  the same problem as i s  encountered with f iber-  
g lass  laminate s t ruc tu res .  A 1  though the advanced composite rein-  
forcement propert ies (such as  f i b e r  diameter, t en s i l e  s t reng th ,  
and hardness) d i f f e r  from f ibe rg lass ,  the matrix res in  propert ies 
a r e  essen t ia l ly  the same. The r e l a t i ve ly  b r i t t l e  advanced composite 
surface requires some form of protection when exposed t o  the 
cot~taniinated airstream. 
Conventional paint  f in ishes  and l ightning s t r i k e  protect ive  material 
systems can generally be selected o r  designed so as- t o  provide a 
reasonable level of erosion protection fo r  most advanced coniposite 
s t ructures  (other than leading edges) such as control surfaces ,  f ixed 
t r a i  1 ing edges, doors, e t c .  Greater a t t en t ion  i s .  requi red t o  provide 
erosion protection fo r  leading edge s t r uc tu r e  when speeds exceed 350 
miles per hour. 
Elastomers such as neoprene or polyurethatie, which have been s a t i s -  
factory in the protection of f ibe rg lass  s t r uc tu r e s ,  a re  a l so  applicable 
t o  advanced 'coiiip~si t e s .  These niaterial s a r e  subject  t o  teniperattire 
1iniita.tions o f  300°F f o r  long periods of time and only a f e w  minutes 
a t  400°F. A new fluorocarbon coating niaterial has been developed a t  
AFML which o f fe r s  promise for somewhat higher teioperatures. This 
coating i s  c la i~ i~ed  t o  be able to '  endure aerodynamic s t r e s s e s  a t  4250F 
fo r  100 hours. 2 7 
Outgass ing  
Organ ic  based m a t e r i a l s ,  used i n  thermal /vacuum env i ronn ien t  a round 
s e n s i  t i  ve o p t i c d l  or- thern i i i l  c o n t r o l  s u r f a c e s ,  cal.inot be a1 1  owed 
t o  ou tgas  s i g n i f i ~ a n t  q u a n t i t i e s  o f  m a t e r i a l s  t h d t  w i l l  d e p o s i t  on 
t h e s e  s u r f a c e s  and m u s e  m a l f u n c t i o n .  Fo r  c u r r e n t  manned space a p p l i -  
c a t i o n s ,  s p e c i f i c a t i o n s  vor-ma1 l y  s t a t e  t h a t  n iat ,er ia l  i n  a  t h e r m a l /  
vacuurn e n v i r o n n ~ e n t  s h a l l  n o t  ou tgss  a  t o t a l  1113:s l o s s  o f  1 .0  p e r c e n t  
o f  t h e  o r i  y i r i a l  specin;eri niass and have a m a x i ~ n u ~ ~ ~  V o l a t i  1  e Condensable 
M a t e r i a l  (VCr t I )  c o n t e n t  o f  0 . 1  p e r c e n t  o f  t h e  o r i g i n a l  specimen mass. 
These 1  i m i t s ,  b e i n g  a r b i t r a r y  v a l u e s ,  niay n o t  be a p p r o p r i a t e  f o r  a l l  
a p p l i c a t i o r ~ s .  Froni t h e  d a t a  shovir~ i n  Tab le  X I V  i t  appears t h a t  most  
g r a p h i t e  and b o r o n  epoxy n ~ a t r i x  cur~ lpos i  t e s  L I ~  11 have no prob lem meet- 
i n g  t h e  above r e q i ~ i  renlen t s  wh ich  a r e  s p e c i f i e d  i n  J S C  s p c - c i f  i c a t i o n  
SP-R-0022 "Vscuum S t a b i  1 i t y  R e q u i r e ~ e n t s  o f  Po l yn ie r i c  b l a t e r i a l  s f o r  
Spacec;aft Appl  i c a t i o n s .  " 
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CONCLUSIONS 
Mo i s tu re  and Thermal E f f e c t s  - 
( 1 )  A h i g h  temperature (above 250 '~ )  s t r e n g t h  l o s s  caused by 
mo i s tu re  o r  h u m i d i t y  e x i s t s  w i t h  a l l  epoxy m a t r i x  advanced 
composi te systems. The e f f e c t s  a re  g r e a t e r  w i t h  g r a p h i t e  than 
w i t h  boron.  
( 2 )  Mechanical p r o p e r t y  losses  i n  advanced composi t e s  i s  m a i n l y  
a t t r i b u t e d  t o  p l a s t i c i z a t i o n  o f  the  r e s i n  m a t r i x  by  m o i s t u r e  a t  
h i gh  temperatures.  
( 3 )  F i  1 amen t dependent p r o p e r t i e s  o f  boron/epoxy composites a re  
negl i g i  b l y  (maximum o f  12% deg rada t i on )  a f f e c t e d  by  e i t h e r  5% 
s a l t  sp ray  o r  100% r e l a t i v e  hum id i t y  environments.  
( 4 )  The mechanical  s t r e n g t h  o f  f i berg l  ass/epoxy 1 aminatos , a f t e r  
f i v e  weeks o f  120°~ /95% Rt-1 envi ronmenta l  exposure degrades t h r e e  
t imes more than boron/epoxy exposed t o  t he  sane env iP~nmen t  when 
t e s t e d  a t  roorn teniperature;  degrades equal  l y  w i t h  boron/epoxy 
(15%) when t e s t e d  a t  250'~; and degrades one r f ou r t h  a s  much as 
boronlepoxy when t es ted  a t  365'~.  
(5) Weathering degrada t ion  o f  boron/epoxy 1 aminates i s  reduced t o  
a maximum o f  20 percen t  by app l y i ng  a 0.005" f lame sprayed 
aluminum c o a t i n g  t o  t he  exposed su r f ace .  
( 6 )  Epoxy m a t r i x  corriposi t es  p a i n t e d  w i t h  po lyu re thane  p a i n t  degrades 
s l i g h t l y  l e s s  than  panels p a i n t e d  w i t h  epoxy p a i n t  a f t e r -  3 weeks 
o f  100 percen t  R t l  erivironmt?nt and n o t i c e a b l y  l e s s  (up t o  20%) 
than unpa in ted  panel s . 
(7) The high temperature s t rength  propert ies of graphi telpolyimide 
(710) coniposite system a r e  not af fected by moisture. 
. (8)  whittaker 5208, Hercules 3501, F iber i t e  334 and Ferro E-350 
epoxy res in  ,rave among the highest elevated temperature strength 
retentions a f t e r  moisture exposure of the epoxy resin systems. 
(9) Uncoated graphi telepoxy composi t e s  ' strength i s  affected by 
cyclic thermal conditioning. 
(10) Thermal protect ive  coatings,  such a s  those used fo r  l ightning 
s t r i ke  protection can he1 p minimize o r  el  irninate laminate 
strength degradation a f f ec t s .  
(11) Thermal shock e f f ec t s  on advanced composites sandwich facings 
having a protect ive  thermal coating a r e  fu r the r  minimized as 
a funct io : ,  of the core material heat capacity.  
Lightning S t r ike  and Electromagnetic Interference (EMI) 
(12) I t  i s  concluded t h a t  coulomb'transfers o-f l e s s  than 60 coulombs 
can loca l ly  heat the rea r  surface of an 18-ply B/E  panel t o  
i t s  igni t ion temperature, whereas a 7-ply borori/al uminum honey- 
comb sandwich can sus ta in  much la rger  coulomb t rans fe r s  without 
igni t ing.  The 120 mesh aluminum f ab r i c  does protect  the 18-ply 
panels b u t  do not- protect  the sandwich panels. 
(13) Organic nidtrix advanced coniposites cannot meet the shielding 
requirenicnts unassisted for- sens i t ive  and c r i t i c a l  e lec t ron ic  
equipment from externcll electroni,ignetic in terference.  
(14) Basic protective systeins necessary t o  guard against  l ightning 
s t r i ke  damage can sirnultaneoi~sly serve as e f fec t iv?  external  
EM1 sh ie lds .  
Galvanic Corrosion 
( 1  5 )  Graphi t e / res in  con~posi tcs-  can cause severe corrosiorl of alun~inurn 
and most fas tener  mater ia ls .  A cautious 2nd  conscrvstive zpproach 
n~ust be take:) in designing a g13aphi te/~.esin-metal1 i c  s t ruc tu re .  
Rain and S a r ~ d  Erosion 
--- --- 
(16)  Erosion res is tance  of resin matrix coniposi t e s  i s  e s s en t i a l l y  the 
same as normal f iberglass  laminate. 
(1 7 )  Materials such as  neoprene o r  polyurethane elastomer coatings,  
which a re  s a t i s f ac to ry  fo r  protection of f iberglass  laminate 
s t ruc tu re  against  rain and sand erosion,  can a l so  be e f fec t ive  
on advanced conlpos i t e  material s .  
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